 interventions. Phys Thm 1994; 74: 753-7671 
Clinicians working in neurological rehabilitation often observe differences in the motor behavior of patients with perinatal brain damage and those with adult-onset brain damage. The time at which brain damage occurs and the extent and location of damage are important factors contributing to behavioral o u t c~m e s .~~~ The initial section of this article will outline some early developmental neural changes that are of particular clinical relevance. Subsequent sections will discuss issues pertaining to motor behavior, spasticity, and therapeutic interventions.
Throughout this article, the terms "hypertonia" and "spasticity" are used.
Tone is defined clinically as a muscle's velocity-dependent resistance to passive stretch.3j4 Muscle tone appears to reflect the relative influences of the physical inertia of the extremity, the mechanical-elastic characteristics of muscular and connective tissues, and the reflexive drive to the muscle (stretch reflexes).' Hypertonia is one characteristic of spasticity. The term "spasticity," however, refers to a syndrome that encompasses a constellation of signs and symptoms. There continues to be some debate regarding the components that comprise the clinical definition of spasticity. Typically, however, spasticity is defined as a motor disorder characterized by velocity-dependent hypertonia, hyper- May 21, 1993 , and was accepted January 24, 1994.
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active tendon reflexes, and clonus.3" Abnormal patterns of muscular coordination,73 reflex irradiation?JO reduction of the threshold angle at which the stretch reflex is elicited,ll abnormal muscular co-contraction during voluntary movement,sJ2 hypersensitivity to various sensory input in addition to muscle stretch,7 paresis,12J3 and disruptions in automatic postural reactions14 are all associated with the spastic condition. The degree to which these variables contribute to movement dysfunction varies among individuals and among diagnoses.9J2J5 ent from that of the fully mature nervous system. For instance, myelinization is not yet complete,l7 neurons within the brain have not completely differentiated, 18, 19 there is an overabundance of neurons in certain areas such as the spinal cord,20 and some corticofugal projections (projections from the cerebral cortex to the brain stem and spinal cord) project to inappropriate targets (ie, locations at which connections are not found in the adult animal).21 These neural differences provide part of the basis for the differences in motor behavior that are observed following perinatal brain damage as compared with those found after adult-onset brain damage. Although a complete review of ontogenetic neural development is beyond the scope of this article, those events that are applicable to human clinical experimentation will be discussed.
The development of the vertebrate nervous system, including that of humans, involves regressive as well as progressive neural events. Some of these events are genetically predeterrnined,l7J9 whereas others are influenced by experience and afferent a~t i v i t y .~9~~~>~3 Progressive events include neural proliferation, synaptogenesis, myelinization, cell migration, axonal growth, and the formation of complex neural pathways. Regressive events include cell death and retraction of neural projections. Regressive events are just beginning to be defined and deserve further discussion here, as these events are of potential clinical significance.
Naturally occurring neuronal death and axon retraction are major features of neurogenesis.lR During perinatal development, there are various periods during which neural degeneration and death occur in a variety of neural structures, including at the neuromuscular junction, spinal cord, brain-stem nuclei, and cerebral cortex. Muscle fibers of humans are multiply innervated early in development. Axon retraction occurs approximately during the eighth week of gestation so that each muscle fiber is then innervated only by fibers from a single ax0n.~4 Axon retraction involving the cortex and cerebellum is more prolonged. Axon retraction of these structures begins by the third trimester and extends into the first few postnatal years in humans. 18 There is approximately a 50% loss of neurons during early development in most of the brain structures studied.18 Thus far, cell death and axon retraction appear to be selective processes that are used for the matching of neural populations with appropriate targets. Competition for a limited quantity of trophic substances located within each target area appears to limit the number of projections that can be supported. 25 In this way, functionally redundant neurons and projections within a target area are eliminated. There is also selective elimination of neurons whose axons grow into inappropriate target areas.
The widespread distribution of neural projections may either be a function of an excessive number of neurons or excess axonal collateralization from individual neurons. lsvz0 The presence of neural projections in excess of those normally found in the adult is referred to as "neonatal neural exuberance."l The retraction of these redundant o r inappropriate projections and the establishment of refined pathways appear to be related to synaptic activity.22~23~2~29 That is, the establishment of correct neural connectivity depends on using the pathways.
The apparent dependence of neural connectivity on afferent input (incoming projections from multiple sources including, but not limited to, sensory input) during early development is of potential clinical importance, especially as it relates to early physical therapy intervention. A child with damage to motor areas of the brain will be restricted in his o r her movement repertoire and experience. This lack of activity results in restriction of afferent input and may cause further deficits in the development of cortical and subcortical morphology struct~r e s . 3~3~ Intensive early physical therapy with an emphasis on stimulating purposeful movement, and thereby afferent inflow, may lessen these effects. This premise will be discussed further. operates was the recovery in neonatal operates of a postural reflex known as "low-threshold tactile placing" (Fig.  1) . Tactile placing is a response that causes an animal to withdraw its limb from a stimulus in a stereotyped manner. Testing of this response is similar to procedures for testing upper-and lower-extremity placing withdrawal of the human infant. This response is a cortically dependent reflex in an adult animal and is permanently abolished following damage to the sensorimotor cortex in the ad~lt.1~38
Differences in Motor Behavior
The sparing of tactile placing represents an example of neonatal developmental plasticity and served as the basis for studies with human infants.8J0.39 Tactile placing responses change during development in such a way as to suggest a change in anatomical substrates (ie, the anatomy that underlies the behavior) with maturation. Tactile placing of cats is present at birth. The sensorimotor cortex is unnecessary for placing in infants but is required in adults. Bradley et a140 reported that placing did not develop if the spinal cord was transected in 10-to 14-day-old cats. Robinson and Goldberger" reported similar findings but found that placing did develop if spinal transections were made at the day of birth. These studie~l.40~41 indicate that cortical mediation of placing develops postnatally and that placing can develop as a spinal reflex if cortical influences are eliminated prior to the development of cortical mediation of tactile placing. The findings indicate that behavioral outcomes are dependent on the age of the animal at the time of central nervous system (CNS) insult. These studiesl~40~41 together with studies showing dramatic neural change with developmentlp-21 suggest that the mechanisms mediating recovery following neonatal CNS damage and those mediating recovery in the mature animal are not identical.
Certain motor behaviors (eg, locomotion, hand grasping) may be unaffected at the time of the lesion in infants, but they then display deficits during subsequent development. This is termed "growing into deficit."z Growing into deficit is further evidence that at diEerent stages of perinatal development, one type of behavior may be subserved by different neural structures. Recovery of function appears to depend on the stage of development of the damaged pathway and also on the stage of development of undamaged path~ays.2.21~33
In summary, several concepts have emerged from nonhuman animal studies: (1) Cortical influences on motor behavior are not necessarily observed at birth but emerge over time,2s21 (2) certain segmental reflexes that can function autonomously in the neonate become increasingly dependent on cortical inputs over time,21t*1 Following damage to the sensorimotor cortex in newborn or adult cats, compensatory pathways might originate from the parietal cortex adjacent to the lesion or in the contralateral, intact sensorimotor cortex, or both. A series of experiments were performed to examine cortical efferent projections from these locations following neonatal or adult sensorimotor cortical lesi0ns.2~ These same cortical efferents were also examined in normal adult cats and normal 1-day-old animals. Methodological and data analysis procedures are explained in detail elsewhere.21
Injections of neural tracers into the brain of cats permitted mapping of corticofugal projections. Following injections of a tracer into the parietal area surrounding the lesioned sensorimotor cortex or the contralateral, intact sensorimotor cortex of adult operates, there were no discemable differences in the size or location of projections from that of normal adult animals. There were also no obvious changes in the projections from the remnant parietal cortex in neonatal operates. The contralateral, intact sensorimotor cortex of neonatal operates, however, displayed considerable change. In normal adult cats, the corticothalamic and corticorubral pathways were strictly ipsilateral (Fig.  2c) . In neonatal operates, these pathways had strong bilateral projections (Fig. 2b) . These bilateral projections could either have sprouted from undamaged cortical regions or be a retention of exuberant projections. Injections into the sensorimotor cortex of normal 1-day-old cats support the later premise. On the day of birth, corticothalamic and corticorubral projections exhibited dense bilateral projections (Fig. 2a) . These data provide support that one mechanism mediating the infant lesion effect is an arrest of anatomical development that involves the abnormal retention of neonatal neural exuberance. Other neuroanatomical changes also occur that indicate that perinatal brain damage has considerable impact on both progressive and regressive events.
The anatomical alterations that result from perinatal but not adult-onset brain damage to the motor cortex include (1) increased distribution of cells contributing to the corticospinal tract (ie, neurons sending projections to the spinal cord are found throughout the cerebral cortex rather than primarily isolated to the sensorimotor ~ortex),~3 (2) The studies with nonhuman animals discussed thus far provide evidence that the age of the developing brain at the time of an injury could be a major factor affecting functional outcomes. Various CNS structures have different critical periods. If damage occurs prior to or after this period, a different clinical presentation could result. Studies8339 have been initiated to determine whether these principles apply to humans and are of clinical significance. These studies have examined the role of higher brain centers in human voluntary movement and locomotion. Studies1° have also examined whether neural exuberance exists in the human infant and is retained following perinatal brain damage.
Neural Mechanisms and Gait Abnormallties in Children With Spastic-Type Cerebral Palsy
One of the most controversial issues in human neurobiology today is whether the coordination of human locomotion is solely a function of spinal central pattern generation or whether higher brain centers are essential for the maturation of the human gait pattern.391~~.47 With respect to locomotion, central pattern generation refers to structures within the spinal cord that are capable of autonomously generating reciprocal, temporally coordinated locomotion. 35 Cats with a total transection of the spinal cord are capable of overground and treadmill 10comotion.2~~32 The animals must be supported because they lack equilibrium responses, but appropriate reciprocal muscle activations and a full weight-bearing gait are apparent. Some mammalian locomotion, therefore, is possible without input from higher brain centers (eg, following transection of the spinal cord).46 bcomotion exhibited by animals that have had their spinal cords transected is, however, not purposeful locomotion. Rather, it resembles reflexive behavior.
The innate stepping movements of human fetuses48 and the bipedal ambulation exhibited from the day of birth by human infants, both typically developing49 and with anencephaly,50 support the existence of spinal cord locomotor-generating circuits in humans, at least early in ontogeny. The lack of transformation to a normal, mature gait in children with cerebral palsy suggests that the sensorimotor cortex and its projections are involved in the development of a normal gait pattern. Central pattern generators, although they certainly play a role in human locomotion, do not appear to be sufficient to generate a mature gait pattern. Emerging movement deficits in children with cerebral palsy can apparently be attributed, in part, to a lack of development of descending corticofugal projections and the repercussions of this failed development. 
Rectijed and3ltered electromyographic recordings of3ve leg muscles of (A) four neurologically intact children and (B) four children with cerebral palsy during supported and independent treadmill walking. Recordings of muscle activity from five representative step cycles were normalized and superimposed. Onset of foot contact is marked by dotted vertical line at lefl. Step cycle is divided into stance phase (solid bar) and swing phase (dotted bar). LG=lateral gastrocnemius muscle, TA=tibialis anterior muscle, HAM=bictps femoris muscle, RF=rectus femoris muscle, GM=gluteus maximus muscle. (Reprinted with pemission.39)
Individuals with cerebral palsy are unable to perform smooth coordinated Moritani" for a more thorough description of H-reflex methodologies.
During a voluntary tibialis anterior muscle contraction and subsequent dorsiflexion of the foot, there is a decrease in the gastrocnemius-soleus muscle H-reflex in nondisabled individuals (Fig. 5A ).8@ The inhibition occurs prior to agonist contraction (Fig. 6A ). Because the inhibition of an antagonist occurs prior to this muscle receiving any afferent information from the contracting agonist, the inhi- (Fig. 5B) . Unlike the reflex activity of nondisabled subjects, there was no decrease in the gastrocnemius-soleus muscle H-reflex prior to tibialis anterior muscle activation (Fig. 6B) groups, such as individuals with multiple sclerosis, cerebellar dysfunction, or spinal cord injuries, in order to further identify spinal and other neural substrates underlying spasticity.
lmpllcatlons tor Therapeutic lntewentlon
Perinatal Versus Aduk-Onset Brain Damage
It is becoming increasingly clear that the neural consequences resultingfrom brain injury differ depending on the age of the individual and the stage of neural pathway development at the time of injury. Because a child's nervous system is in such a dynamic period of change, the consequences of damage to the system will vary considerably, dependent on the age of the child at the time the damage occurs as well as the location, extent, and type of damage. Many neural and nonneural organizational changes that occur in humans take place fetally. These and numerous other subsequent developmental changes are genetically determined.17J9 These changes, therefore, are unalterable by physical therapies. Synapse formation, dendritic sprouting, and refinement of n e u d pathways, however, continue throughout adolescence and beyond.
The cerebral cortex in particular exhibits considerable plasticity, especially during early neonatal development.19s22375 Both nonhuman and human data indicate the brain's structure is affected by activity. The horizontal laminations of the cerebral cortex appear to be genetically predetermined,l9 but vertical columnar organization is dependent on functional a c t i~i t y . l~~~9 ,~~ Vertical columns in the cerebral cortex are composed of neurons that form functional units (eg, various sensory input such as pressure, stretching, pain, and so forth from a finger will converge on one vertical column). These columns expand or shrink, dependent on the amount of activity these columns receive. Use of a particular neural pathway enhances neurotransmission along the pathway.29176 These data suggest the importance of functional activity in neural remodeling and neurotransmission. The plasticity data, together with data demonstrating the effects of activity on neural remodeling, provide a strong theoretical basis for early intervention. Visual system research, with nonhuman animals, has shown that development of the visual cortex depends on normal visual e~perience.~3177 Other vertebrate studies have shown modifications of CNS connectivity that are dependent on functional activity.2230 Rats, raised in an enriched environment that required motor skill acquisition, exhibited expansion of the motor areas of the cerebral ~o r t e x . 3~ Similarly, it has been shown that hu- mans from an intellectually enriched environment had an increase in dendritic and synaptic formations in areas of the cortex devoted to verbal understanding when compared with subjects from a less specialized background. Individuals engaged in occupations demanding physical dexterity had greater dendritic branching in primary motor areas of the brain.31
Two vital pieces of the puzzle that remain to be determined are whether similar neural remodeling occurs following brain damage and whether training can affect these processes. Preliminary data with rats indicate that some neural remodeling is indeed possible following brain damage and that this remodeling is affected by training.32 Normal movement experiences may be necessary for normal development of human neural motor pathways. The limitations in movement of children with cerebral palsy may actually contribute to additional deviations in neural development. Theoretically, an intervention program incorporating movement and sensory enrichment may help to reduce these effects.
The efft:ctiveness of early intervention with human infants is still questioned. Some studies have shown no effect from early intervention therapies.7w0
The human studies that have indicated the lack of the effectiveness of early intervention have not, in my opinion, shown that early intervention is without benefit. Rather, they provide evidence that a certain technique or combination of techniques has been ineffective. Other studies and reviews of existing data indicate benefits from early intervention for a variety of developmental di~orders.7~173
The executive summary of a consensus conference that sought to examine the efficacy of physical therapy in the management of cerebral palsy stated that "no definitive support for the efficacy of physical therapy, or lack thereof, in the management of CP [cerebral palsy] exists in the research literatureSn74 Validating the effectiveness of early intervention in humans by precise, controlled experimentation may prove to be an evasive problem because of the inability to adequately control extraneous variables and because of ethical, legal, and moral issues. For these reasons, it is necessary to look, in part, to nonhuman animal research for data concerning early intervention. Nonhuman animal research unequivocally indicates the potential benefits of early experience on neural and nonneural development.* The challenge to therapists remains to find the best means to effectuate change.
Suggested Treatment Ouldellnes
Spasticity is a common feature following certain types of perinatal or adultonset brain damage. The neural substrate subserving the disorder appears to vary, dependent on diagnosis and the age of onset of injury. Accentuated alpha motoneuron discharge is present regardless of the age of onset of damage. Of equal importance will be the determination as to whether treadmill training is effective for all types of gait disorders and diagnostic groups. Perhaps treadmill training will be more effective as an early intervention following perinatal brain damage because of the increased CNS plasticity available to the system at this time and the effects of activity on this plasticity. The mechanisms underlying the effects of treadmill training may also be difTerent among patient populations. For instance, it may help modulate CPG functioning in individuals with cerebral palsy, but caloric expenditure and enhancement of motor skill acquisition through repetition may be rnore important variables following adult-onset CNS damage.
Treatments Based on Normal Developmental Sequence
Recovery from CNS insult does not necessarily follow a developmental sequence. 1°9 Treatment techniques that advocate strict adherence to a normal developmental progression, therefore, need to be examined closely. If a child is prevented from ambulating because he or she has not mastered sitting equilibrium responses, that child will not have the opporturiity to "feel" and learn the sensations associated with bipedal ambulation. The child probably will not develop upright equilibrium responses, motor planning skills, or upper-and lower-extremity movement patterns required for ambulation. As discussed previously, normal neural development is dependent on activity.19~22-24~26~2~30 Whether the practice of lower level skills has any carryover to the skills required for higher level functioning is also questionable. lo
Orthopedic consequences of limiting movement and upright postures also
It is becoming increasingly apparent that the neural and nonneural mechanisms subserving spasticity and movement dysfunctions of the patient with neurological deficits vary, dependent on diagnosis; the type, extent, and location of damage; and the age of the onset of injury. Even individuals within a specific diagnostic grouping do not appear to share a singular underlying cause to their disability. Therapists, therefore, should not expect a singular treatment technique to be equally effective with all persons with neurological deficits. The treatment suggestions previously discussed are not all-inclusive but represent techniques that are compatible with current scientific knowledge, As our scientific base changes, it is expected that all treatment techniques will undergo modifications. Research that continues to integrate basic and clinical sciences should provide increasingly more effective, patient-specific treatment appoaches.
